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Department of Chemistry and Applied Biosciences, ETH Zurich, Lugano, SwitzerlandABSTRACT One of the key steps in the infection of the cell by dengue virus is a pH-induced conformational change of the viral
envelope proteins. These envelope proteins undergo a rearrangement from a dimer to a trimer, with large conformational
changes in the monomeric unit. In this article, metadynamics simulations were used to enable us to understand the mechanism
of these large-scale changes in the monomer. By using all-atom, explicit solvent simulations of the monomers, the stability of the
protein structure is studied under low and high pH conditions. Free energy proﬁles obtained along appropriate collective
coordinates demonstrate that pH affects the domain interface in both the conformations of E monomer, stabilizing one and
destabilizing the other. These simulations suggest a mechanism with an intermediate detached state between the two mono-
meric structures. Using further analysis, we comment on the key residue interactions responsible for the instability and the
pH-sensing role of a histidine that could not otherwise be studied experimentally. The insights gained from this study and meth-
odology can be extended for studying similar mechanisms in the E proteins of the other members of class II ﬂavivirus family.INTRODUCTIONDengue virus belongs to the class II flavivirus family and
shares a high degree of structural identity and infecting
mechanism with other members of this family such as tick-
borne encephalitis, Japanese encephalitis, and West Nile
viruses (1,2). The infection of the cell with these viruses is
mediated by the pH-induced conformational changes that
occur in their envelope (E) proteins. Endosomal pH triggers
the rearrangement of E protein dimers to trimers, with large
conformational changes in the monomer (3). An under-
standing of the mechanism of these critical conformational
changes in the E protein is required to gain a structural
insight into the viral life cycle (2) and to develop structure-
based antiviral drugs (4).
The experiments on the tick-borne viral E protein indicated
that they pass through intermediate monomeric structures in
the transition fromdimers to trimers (5). These studies showed
that intermediate monomers could also be formed at high
temperature (5) as well as at high pH (6). However, the trime-
rization and fusion required for the cell infection could only
happen at low pH (6). This led to the hypothesis that mono-
mers, and in particular the domain I/III interface, play a critical
role in triggering the pH-induced transitions (5). The trimeri-
zation efficiency in tick-borne E protein increases from
~15% to 85% as the pH drops from 6.8 to 6.2 (7), suggesting
that histidines which undergo protonation in this pH range are
responsible for the pH sensitivity of the E protein. Usingmuta-
genesis studies, the E protein of tick-borne viruswas probed in
detail for the molecular origin of this pH sensitivity (7). These
studies have shown the critical role of His323 and presumably
of His146 in pH sensitivity (7) (His317 andHis144, respectively,Submitted February 3, 2010, and accepted for publication April 5, 2010.
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0006-3495/10/07/0588/7 $2.00are the equivalent residues in dengue virus). However, the
mutation of His146 did not allow a stable expression of the
E protein, and its role is still in doubt (8)—leaving ample scope
for detailed microscopic simulations.
The crystal structures of dengue E protein in the high pH
prefusion (pH 8.5) and low pH postfusion (pH 7.0) condi-
tions have been solved (9,10) as dimers and trimers, respec-
tively. The structures of the monomers extracted from these
configurations are shown in Fig. 1 (dimer and trimer repre-
sentations are shown in the Supporting Material). Each
monomer consists of three domains: a structurally central
domain (domain I of 100 residues), a dimerization domain
containing the fusion loop (domain II of 194 residues), and
a carboxy terminal domain (domain III of ~100 residues).
Domain III undergoes a large rotation of ~70 relative to
domain I during the pH-induced conformational change.
Although knowledge of these structures is an essential
prerequisite, it does not provide information on the detailed
dynamics leading to these changes. A recent experiment in
this direction has been a cryo-electron microscopy study (11)
that is limited to domain-level resolution.Molecular dynamics
(MD) simulations were previously performed (12,13) on the
E protein for several tens of nanosecondswith a double proton-
ation of conserved histidines. Although extensive by current
standards, these computational times were not sufficient to
sample the large-scale conformational changes which typi-
cally occur in hundreds of microseconds and were only
suggestive of a possible pH destabilization. Many accelerated
sampling methods have been suggested in literature (14–17).
Here we shall use metadynamics which has been developed
in our group (18–20) and successfully used for mapping the
free energy surfaces (FES) of biomolecular processes (21–23).
In this article, we propose a mechanism for the pH-
induced conformational changes in the E protein monomerdoi: 10.1016/j.bpj.2010.04.024
FIGURE 1 Crystal structures of monomers from dimer and trimer config-
urations (PDB: 1OAN, 1OK8, respectively). Domains I, II, and III are
colored cyan, gray, and orange, respectively. Red-colored loop (residues
33–41) is part of domain I and is discussed later.
Conformational Changes in Dengue E Protein 589by combining the results of simulations starting from two
different native conformations and progressing toward
detached intermediates. This mechanism is based on an
enhanced sampling of E protein conformational space in
all-atom simulations using metadynamics (18,19), as clas-
sical MD is not effective in this case. This unprecedented
sampling of the flaviviral envelope protein allowed us to
establish the pH-induced shift in the thermodynamic stabili-
ties of crystallographic conformations, to predict the exis-
tence of a transitory detached state with pharmacological
implications, and to identify the role of histidines in the
pH sensitivity of the protein that could not be probed exper-
imentally. Using the free energy profiles, we also discuss the
pH-dependent stability of the domain I/III interface and the
role of a few key residues in stabilizing the structure.METHODS
System
The two crystal structures solved at the high (H) and low (L) pH conditions
were obtained from the Protein DataBank (PDB). The effect of high (h) and
low (l) pH conditions on these structures was studied. We thus consider four
systems for the all-atom simulations: Hh and Ll representing the protein
structures under their native pH conditions; and Hl and Lh representingthe proteins under nonnative pH conditions (and hence likely to undergo
pH-induced transitions). As noted earlier, these conformational transitions
and trimerization are induced in a pH range 7–6, over which histidine is
the only amino acid that undergoes protonation (7). So, the effect of high
and low pH conditions in the simulations was emulated with a choice of
single and double protonation of histidines. Following the experimental indi-
cations on tick-borne virus, we considered the monomers on which we per-
formed classical MD simulations in explicit solvent. For the metadynamics
study, which focused on the interface of domains I/III, we eliminated a part
of the domain II of the protein with the purpose of reducing the computa-
tional cost without affecting the results. In fact, although domain II has an
active role in the fusion with the cell, it is not believed to play a critical
role in triggering conformational changes (24).Simulation details
Our MD simulations were on the 394-residue monomer of the E-protein
(PDB structures 1OAN, 1OK8 at high and low pH, respectively). Residues
145–159 missing from the low pH structure (1OK8) were added using
ARCHPRED (25), and the loop predicted with the PDB structure 2OVS
as a template was used. Metadynamics simulations were performed by elim-
inating a significant portion of the domain II, reducing the system to 280
residues of the monomer. The four strands of the protein main chain result-
ing from the cut were rigidly constrained using harmonic constraints.
To emulate the low pH conditions of the protein environment in our MD
simulation, all the histidines were doubly protonated. The choice of proton-
ation between the e and d positions in histidine for high pH conditions, was,
however, made using MolProbity (26). An explicit water solvation shell of
13 A˚ with TIP3P waters was used. This amounts to ~6500 protein atoms
and z80,000 atoms for water (a total of roughly 90,000 atoms) for the
whole monomer and 4500 and 40,000 atoms, respectively, for the cut
protein. For these simulations, NAMD 2.6 program (27) combined with
the metadynamics method (18) implemented in PLUMED (20) was used.
The simulations are performed with AMBER force field (amber99SB)
(28). After building the AMBER topology from the experimental structures,
the systems were energy-minimized initially while holding the Ca positions
fixed with harmonic constraints of 50 kcal/mol/A˚2. The temperature was
increased to 300 K using a Langevin thermostat in four 40-ps simulations,
slowly relaxing the constraints on the Ca. Periodic boundary conditions
and particle-mesh Ewald summation with a grid spacing of 1 A˚ per point
was used to treat the electrostatic interactions. A time step of 2 fs was
used and the hydrogens were constrained using the SHAKE algorithm. After
this thermalization, the system was equilibrated for 2 ns with a Langevin
piston NPT simulation. These initial 2 ns of equilibration were not in the
subsequent data analysis. The computations were performed on the Cray-
XT3 at the Swiss National Super Computing Center, Manno.Metadynamics
A bias potential in the space of these collective variables (CVs) is adaptively
constructed by depositing Gaussian-shaped repulsive potentials along the
system trajectory during MD simulations (Supporting Material). The system
is thus discouraged from sampling again the configurations already visited.
After a sufficient sampling, the bias potential compensates the underlying
FES and provides an estimate of its dependence on the CVs (29).Contact map
The switching function for a given contact pair of atoms was defined as
a function of the distance r between them:
ð1 ðr=rcÞpÞ=ð1 ðr=rcÞqÞ :
The interaction between the residues of domains I and III was chosen for
defining the contact pairs for the E protein, as the structure of individualBiophysical Journal 99(2) 588–594
590 Prakash et al.domains was mostly unchanged during the transitions. From the equilibrium
MD, stable interdomain hydrogen bonds and pairs of interfacial residues Ca
values within 8.5 A˚ were chosen for short- and mid-ranged interactions with
(rc, p, q) as (4.0, 6, 10) and (8.5, 6, 10), respectively. To guide the domain
displacement better in the detached states, a group contact defined using the
distance between the centers of mass of domains I and III, with (38.0, 12,
24), was used. The distance between two protein conformations is then
defined as the root mean-square deviation (RMSD) of the switching func-
tions of all contact pairs of one conformation relative to the other.RESULTS
All-atom MD
We performed standard equilibrium MD simulations for
20 ns. The RMSDs of the trajectories of Hh and Hl relative
to the native structure H were computed. The resulting
RMSD in Fig. 2 shows that the high pH crystal structure
has roughly a similar RMSD relative to the starting structure
H under the native and nonnative pH conditions. Similar
results from the equilibrium run of Lh and Ll, relative to
L, are also shown in Fig. 2. For all the four systems studied,
the RMSD of the Ca structure underwent only a small drift
from the experimental structures during the first 3 ns and
then fluctuated below 2.5 A˚ for the rest of the trajectory.
This absence of drift in RMSDs at longer times could occur
because either the stability of the structures was not affected
by pH or the sampling was insufficient. We performed accel-
erated sampling with metadynamics to address the latter
possibility, and thereby to understand whether the stability
is pH-dependent. This indeed turned out to be the case.Metadynamics
Metadynamics requires the identification of CVs that capture
the desired transition and are difficult to sample. Identifying
the CVs that capture the essential physics of the system is a
nontrivial task for a large system like the E protein.
To address this, the path collective variable (PCV) method0 5 10 15 20
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FIGURE 2 RMSD (A˚) ofHh,Hl relative toH, andLl, Lh relative toL, in
classical MD simulations.
Biophysical Journal 99(2) 588–594(Supporting Material) (30) was adopted in this work. In the
PCV method, a sequence of states from the initial to the final
states is identified by including a few intermediates from
a reference trajectory. The progress coordinate (s) is then
constructed as a function of the distance of a given protein
structure from each of these states in the sequence. The
increasing value of the progress coordinate in this PCV
method is then a quantification of the progression of the
similarity of a given trajectory along this sequence of states.
The orthogonal coordinate z quantifies the deviation of the
trajectory from the reference path. The computation of
both s and z requires a measure of the distance among the
different protein configurations, and here we use a metric
based on the contact map. For a proper description of the
transition, the metric needed to include information on the
short, medium, and long-range length scales. This implies
that one has to include, in the CV, H-bonds (short-range),
residues (Ca-Ca) interaction (midrange), and distance
between the centers of mass of the domains (long-range).
The necessity of including all these length scales reflects
the complex multiscale nature of the transition. The difficult
task of performing metadynamics simulations on the
E protein was split into two stages of comparable effort.
In stage I, we searched for an appropriate reference desta-
bilization path for the domain I/III interface by pushing the
system away from its initial metastable state, using distance
from this initial configuration in the contact map space as a
CV. History-dependent bias potential was deposited along
this generic coordinate, without a preference for any specific
configuration or a requirement for the knowledge of the
actual pathway in the configuration space. Several
preliminary simulations were run to identify the key atomic
interactions to be included in the contact map definitions for
the H and L structures and to optimize the metadynamics
parameters such as the height, width, and the rate of deposi-
tion of the Gaussians (Supporting Material). In these
multiple runs, the proteins underwent a complete detachment
of the domain I from III. Moreover, in all these cases we
found that it was easier to detach the domains in the Hl
and Lh relative to Hh and Ll, respectively. As noted earlier,
because no specific information of the pathway or even the
final states was assumed, these pathways are kinetically
favored under the imposed bias forces. In addition, these
pathways correctly capture the qualitative differences of
stability between the native and nonnative pH conditions,
indicating the reliability of these paths to be used as reference
paths for stage II. These several paths obtained in stage I
were nearly identical, with a deviation of z % 0.2 with
respect to each other, in the PCVs we used. Therefore, in
stage II, sampling was performed by biasing along the s
coordinate of the PCV, with no bias on z and constraining
z to be <0.25.
In stage II, the PCV was constructed from these reference
trajectories and the free energy profiles along the PCV were
obtained by reversibly sampling between the attached and
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Conformational Changes in Dengue E Protein 591detached states. Under the action of metadynamics, the
system was able to diffuse back and forth along the PCV,
which is a measure of the goodness of the chosen CV (31).
In contrast to these metadynamics simulations, the sampling
in the classical MD simulations discussed earlier were
limited to s % 1.3. In the PCV simulations, we did not
explore all possible configurations in which the domain III
is detached but for the sake of limiting computational cost,
the maximum allowed I–III displacement was 7 A˚. This
is sufficient to fully hydrate the gap between the domains
with more than two layers of water as shown in Fig. 3 for
Hh and Ll and to ensure that the FES in this region is repre-
sentative of the detached state. Also in this case, we also
performed multiple simulations to optimize the number of
intermediate frames as well as the bias parameters.
The free energy profiles for Hh and Ll obtained as a func-
tion of the respective progress coordinates from 20-ns
production runs are shown in Fig. 4, a and b. In both stages I
and II, metadynamics simulations were performed by
depositing, every picosecond, Gaussian bias potentials
characterized by a height of 0.25 kcal/mol and width of
0.05 units along the CV. The indices 1–7 of the progressFIGURE 3 Detached state configurations during metadynamics simula-
tions. Waters which are within 7 A˚ from both the domain I/III interfaces
were shown to illustrate the solvent exposure of the interface during detach-
ment.
1 2 3 4 5 6 7
Progress coordinate
0
FIGURE 4 Free energy profiles along the reference path for the four
systems considered.coordinates in these figures indicate the progress of the
systems from the initial (H, L) to the final states (D1, D2)
through the five intermediates chosen for that system. These
free energy profiles show the thermodynamic stabilities
of Hh and Ll relative to the detached states. To make our
estimate of stabilities less biased, we used for the Hl and
Lh cases the reference paths obtained from the more stable
Hh and Ll, respectively. Fig. 5, a and b, indicates that theFIGURE 5 Topological constraint imposed by loop in moving between
structures H (left) and L (right). The position of the linker (green) connect-
ing domain I (transparent cyan) and domain III (orange) relative to the loop
(red) in both the structures is seen.
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592 Prakash et al.states Hl and Lh detach easily even when guided along the
unfavorable paths of Hh and Ll. We have not refined
the FES further because our main objective was to capture
its global features. A rough estimate of the error in FES is
~2–3 kcal/mol. The roughness of the free energy surface in
the figures cannot thus be directly interpreted in structural
terms. Thus, the occurrence of minima in Hh and Ll away
from CV ¼ 1 is likely due to a slight difference in the
stability of the experimental structure according to the force
fields used. In all these simulations, CV values up to ~3 indi-
cate mostly a rearrangement of the local interfacial interac-
tions (RMSD < 1.5 A˚).DISCUSSION
Structural changes in monomer
As indicated by the FES in Fig. 4, pH induces the transitions
in the monomer by affecting the thermodynamic stabilities of
both the crystallographic conformations. For example, at low
pH, the transition from H/ L occurs because the Hl inter-
face is destabilized, and the LI interface is stabilized, by the
pH. Careful experiments showed the lack of fusion at high
pH, and from these it was inferred that the critical pH-
induced structural changes occur in a monomer (6).
However, to our knowledge, experiments as well as simula-
tions have not yet directly demonstrated either the observa-
tion of these large-scale changes in the monomer of flaviviral
envelope proteins or the adequacy of a monomer in capturing
the pH-dependent thermodynamic stability of structures.
This article thus provides the first computational evidence
(to our knowledge) that these large-scale conformational
changes are induced in a monomer by pH, independent of
any other interactions with other monomers and the host
cell. The study thus validates earlier hypotheses on the pH
sensitivity of the monomer and the critical role of this inter-
face in triggering the conformational changes (5). A further
implication of this finding is that future computational works
that perform extensive simulations for drug design, for
example, by binding ligands to modify the stabilities of these
native conformations, can limit the size of their systems by
focusing on the monomers.Three-state model
At the time of this writing, to our knowledge, there is no
experimental information on the structure of the intermediate
monomers (6), and our calculations provide what we believe
to be the first realistic model. We derive confidence in the
validity of our result from several considerations. In our stage
I simulations, when the system was biased away from its
initial conformations, without any guidance toward a partic-
ular state, detachment of domains I/III was observed. These
results suggest that the detachment is the kinetically favored
pathway. Moreover, the free energy profiles obtained alongBiophysical Journal 99(2) 588–594these pathways in stage II demonstrate that the detached states
are also thermodynamically favored. Based on the observed
structural transitions, we propose that to transition between
the two structures, the simplest and less costly way is for
the I and III domains to fully detach and reattach in the new
configuration with the formation of the specific contacts.
This is preferred over a costly reorganization of domain III
in a hypothetical pathway in which it nonspecifically slides
over domain I. The detachment of domain III, observed in
our simulations, is also required to provide the conformational
freedom for the linker-connecting domains I/III to pass over
the loop (residues 33–41) indicated in Fig. 5.We thus propose
the following sequence of events in the complete transition
between the two native states,
H
low pH
#
high pH
D15D2
low pH
#
high pH
L; (1)
where D1 and D2 are the detached states obtained in simula-
tions starting from H and L, respectively. As the change in
pH affects the domain I/III interface, and not D1 and D2,
we restricted our all-atom studies to H 5 D1 and L 5
D2. Energetically, states D1 and D2 are similar, as most of
the native-contacts which lie at the interface of domains
I/III, differentiating H from L, are disrupted. Because of
this, we assume these detached states are similar and refer
to the complete transition as a three-state model.
The proposed three-state model is supported by cryo-elec-
tron microscopy of antibody 1A1D-2 binding to epitopes
that are hidden during the equilibrium conformations of the
E protein (see Supplementary Fig. 5 of Lok et al. (32)). These
hidden epitopes are believed to become available through
breathing modes of the protein and trapped by the antibody
in these transitory configurations. These structures of the
complex show the domain III detached from domain I, sug-
gesting a detachment during the transition between the two
structures similar to the observation in our simulation. In
the absence of the antibody, we suggest that the existence
of the detached intermediate may be examined by triggering
the transition with a pH jump and following, with real-time
NMR, the changes in the chemical shift as the I/III interface
is exposed to water (33).
Our results suggest a different strategy to be applied to
drug design for dengue. We performed a simple analysis to
see the solvent exposure of residues along the suggested
transition pathways (34). The study showed that the entire
domain I/III interface gets transitorily solvated in the
detached state, exposing residues that are otherwise buried
in both the native structures H and L. Instead of targeting
the prefusion and postfusion structures of E protein as
done in the past (9,35), one could aim at these interfacial resi-
dues. It seems a plausible strategy, as the transitory structures
were able to bind to the antibody 1A1D-2, thus leading to
a neutralization of the infection (32).
Conformational Changes in Dengue E Protein 593Transition structures
The transition state for the conformational changes in
proteins with several degrees of freedom is not a single struc-
ture, but an ensemble of many structures. An accurate deter-
mination of this transition state ensemble requires a careful
committor analysis along the reaction coordinate (14).
In our case, performing this analysis was not practical, as
it requires unaffordably long simulation times and so was
not pursued. Nonetheless, useful information regarding the
key interactions responsible for the destabilization of the
interfaces can be extracted from the analysis of the structures
which correspond to the apparent transition states of Hh and
Ll. As the free energy profiles of Hl and Lh were obtained
using Hh and Ll as the reference paths, the transition state
analysis will be performed only on Hh and Ll. From
Fig. 4, a and b, it can be seen that this occurs at CV ~ 4
and CV ~ 5.5 for Hh and Ll, respectively. Approximately
100 structures around these values of the progress coordi-
nates were extracted for both of the Hh and Ll simulations.
In these intermediate structures the domain I/III distance
increases on average by 2.2 A˚ (Hh) and 3.0 A˚ (Ll).
We further focus on the key short-ranged contacts at the
interface of domains I/III that were stable during the equilib-
rium MD and hence were essential in our definition of metric
in PCV: Arg9-Glu368, His144-Thr353 in Hh and His317-
Thr280, Glu26-Thr353 in Ll. By analyzing the structures that
correspond to the transition region, the distribution of the
distances between these residue pairs are shown in Fig. 6.
It can be seen that the breaking of all the contacts other
than Arg9-Glu368 were indispensable for the detachment to
occur, and Arg9-Glu368 shows that a distribution of active
and inactive interaction is the last to break. This observation
forms the basis for possible directed mutagenesis experi-
ments that validate this picture of the transition states.0
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FIGURE 6 Distribution of the distance between the indicated residue
pairs. The values at the starting, transition, and detached configurations
are shown in dashed, open, and solid histograms, respectively. With the
short-ranged contact map parameters used for these pairs, bonds can be
considered completely broken beyond 6 A˚.Molecular basis of pH sensing
The critical role of His317 and His144 in dengue has been
indirectly examined by mutagenesis experiments on the
related histidines in tick-borne virus (His323 and His146,
respectively) (7). It was found that with the mutation of
His323, pH sensitivity is lost, whereas, with the mutation of
His146, the protein could not even be folded. So, the role
of His146 in pH sensing could not be confirmed experimen-
tally. From our simulation results, it was seen that the
breaking of His317-Thr280 interaction and the His144-Thr353
interactions in dengue were indispensable in the transition
structures of Hh and Ll simulations, respectively. This
shows that His317 and His144 at the domain I/III interface
act as the pH sensors and breaking their interactions with
the threonines contributes to the destabilization of the
interfaces. Both of these histidines play a critical role in trig-
gering the conformational changes. At low pH, His144 desta-
bilizes the domain I/III interface in H, whereas His317
stabilizes the domain I/III interface in L conformation.CONCLUSIONS
We proposed a mechanism for the pH-induced transition
between two conformational states of E protein of dengue
virus. All-atom metadynamics simulations were performed
on the monomer structures of dengue viral protein. The
sampling of large-scale motions of the protein, triggered
by the protonation of the histidines, was used to show how
pH affects the stabilities of both the conformations of the
E protein. At low pH, His144 destabilizes one conformation,
while His317 stabilizes the other, thereby favoring the transi-
tion. Our hypothesis of the detached intermediate can be
useful for finding new structure-based drug targets.SUPPORTING MATERIAL
The details of the computational methods used in the simulation are
available at http://www.biophysj.org/biophysj/supplemental/S0006-3495
(10)00489-3.
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